A prototype Validation Network (VN) is currently operating as part of the Ground Validation System for NASA's Global Precipitation Measurement (GPM) mission. The VN supports precipitation retrieval algorithm development in the GPM pre-launch era. Post-launch, the VN will be used to validate GPM spacecraft instrument measurements and retrieved precipitation data products.
Introduction
In collaboration with its international partners, NASA is developing a Ground Validation System (GVS) as a contribution to the Global Precipitation Measurement (GPM) mission. In the U.S., GPM has been recognized as a key weather and climate mission for providing uniform global precipitation products that leverage all available satellites capable of precipitation measurement (NAS 2007) . In achieving these goals, GPM addresses the call for "essential climate variables" as defined by the Global Climate Observing System (GCOS 2004) . The GPM framework is also intended to be a realization of a "precipitation constellation" of satellites and ground-based assets that will deliver fundamental climate data records for social benefit (Neeck and Oki 2007) .
The international GPM mission extends observations of the Tropical Rainfall Measuring Mission (TRMM, Simpson et al 1996) to precipitation at higher latitudes, with more frequent sampling, and with research focused on a more complete understanding of the global hydrological cycle. GPM will be capable of measuring rain rates as small as a hundredth of an inch per hour to as large as 4 inches an hour. GPM products will estimate the various sizes of precipitation particles, and will also discriminate between snow and rain. Mission requirements specify that precipitation products will be available with a 3-hour average revisit time over 80% of the globe, and data will be available to users within 3 hours of observation (Hou et al. 2008 ).
-
In support of the international GPM, NASA is planning to launch a GPM Core Satellite into a medium (65°) inclination orbit no later than)uly 2013. Current plans call for the GPM Ground Validation System (GVS) to support the GPM satellite mission. In the prelaunch era, the GPM GVS provides data to support the development of precipitation retrieval algorithms. In the post-launch era, the GPM GVS provides an independent means for evaluation, diagnosis, and ultimately improv~ment of GPM space-borne measurements and precipitation products. ' This paper specifically describes one component of the GPM GVS: a Validation Network (VN) that compares GPM Dual-frequency Precipitation Radar (DPR) data products to similar measurements and products from national networks of operational weather radars and precipitation gauges. The goal for such comparisons is to understand and resolve the first order variability and bias of precipitation retrievals in different meteorological and hydrological regimes at large scales. Although the VN is intended for GPM validation, an initial version of the system is now in operation that uses TRMM satellite data. The current version of the VN is built on methods, research results, and computer code described by Anagnostou et al. (2000) , Bolen and Chandrasekar (2000) , Liao et al. (2001) , and Bolen and Chandrasekar (2003) .
As part of the international GPM mission, the VN is designed to incorporate and exploit data contributed by an arbitrary number of national meteorological networks of ground radars and precipitation gauges. At present, the VN includes contributions from ground radars located in Australia, South Korea, Kwajalein atoll in the Marshall Islands, and the southeastern U.S. But the system, as described below, was designed to be readily scalable. Thus, the VN allows for inclusion of new radars and additional national .
VN software description
The VN software suite consists of three major components: 1) data ingest and preprocessing; 2) resampling of PR and GR to common 3-dimensional data volumes (creation of match-up data products); and 3) statistical analysis and display of the matching data volumes .
.,
The data ingest and preprocessing component of the VN software ingests and stores , TRMM PR and coincident ground radar data whenever an "overpass event" occurs. Such an event takes place any time the TRMM PR ground track passes within 200 km of a VN ground radar (GR) site. For each overpass event, the GR volume scan beginning at or just prior to the satellite overpass time is acquired along with its corresponding PR data. GR data are acquired for the WSR-88D sites on a routine, operational basis by the VN, via the TRMM Ground Validation Office. Data for other ground radar sites are currently
• acquired by the VN on an ad-hoc basis from the data providers. Subsets of the full-orbit PR data provided by the PPS for single radars or adjacent groups of radars are acquired by the VN. All data acquired by the VN are stored permanently in the VN file system, unmodified and in their native format. All acquired data files are cataloged in the VN in a PostGRESQL relational database.
Selected fields of the PR products are analyzed upon receipt to temporary 75-by-75 point Cartesian grids of 4-km resolution, one centered on each ground radar site overpassed by the TRMM satellite in the given orbit. The VN software harvests metadata parameters for each site overpass event from the temporary grids. These parameters serve to characterize the precipitation and radar echo characteristics of the event. The metadata are stored in the VN relational database and are linked through the database to the associated PR orbit subset and GR data files. Metadata parameters stored include the average height of the bright band over the analysis area, and the number of grid points:
• total, in a horizontal grid slice The time'and distance of the nearest approach of the TRMM orbit track to the ground radar site, and the start time of the GR volume scan, are also stored in the database. Queries to the database allow an analyst to easily identify events with significant areal precipitation, precipitation of a given type ( convective or stratiform, or unknown), or precipitation events where the orbital track is within a threshold distance of the ground radar. All associated PR and GR data files are cataloged in the database and linked to the site overpass events, making it easy to assemble the data files for significant events for detailed analysis, for download by investigators, etc. Most site overpass events will have no occurrence of precipitation echoes. The preprocessed metadata in the database makes it easy to select rainy overpass events without the need to process all the data or make complicated time/space associations to external data sources.
On average, about 48 coincident events with available matching PR and GR data are collected each month for each of the WSR-88D ground radars listed in Table 1 . Due to their proximity to the top of the TRMM orbit, the northernmost sites in the table experience about twice the number of coincident overpasses as the southernmost sites.
Although PR and GR data products from every overpass event are acquired and stored, PR-to-GR match-up products are generated only when an overpass event occurs during a "significant precipitation event," as indicated in the stored metadata for the event. A significant precipitation event is defined as one in which at least I 00 grid points within I 00 km of the radar indicate Rain Certain ( as defined in the PR product 2A-25). In the period from 8 August 2006 through 8 August 2008, a total of25,032 coincident overpass events were recorded by the VN. Of these, 1,990 individual overpass events also met the rain area criteria. Thus, about 4 coincidence events per month per site meet the criteria for a VN rainfall event. Of these coincident events, about 3 .5 per month per site have matching GR data available.
For those site overpass events meeting the significant precipitation event criteria, the resampling component of the VN software suite performs a geometric match-up of the PR and GR data. In this method, common 3-D volwnes are defined by the intersection of the individual PR rays with the each of the conical elevation sweeps of the ground radar for the coincident GR volume scan. Thus, the resampled volume elements of the VN PR and ground radars can be directly compared to one another. This method is describbd in detail in Section 4. An earlier "legacy" version of the VN software used a comparison method based on resampling the data to a fixed 3-D Cartesian grid centered on the radar site. The legacy approach followed the analysis procedures described in Liao et al. (2001) , with operational enhancements for the VN. Both the legacy and the current match-up software store the resulting ·PR-to-GR "match-ups" as netCDF files in the VN file system. The remainder of this paper is restricted to descriptions and results pertaining to the current geometric match-up version of the VN algorithm.
A statistical analysis and display component of the VN software suite generates statistical comparisons and graphical displays of PR and GR reflectivity factor and rain rate from the volume-matched data for a wide variety of data classifications. In many of the analysis and display programs, the data and results may be classified by individual attributes or combinations of attributes stored as, or derived from, variables stored within the netCDF files or the VN database. Attributes may apply to the entire data file, to a subset of the data in the file, or to an individual match-up sample volume. The primary attributes on which the data are classified typically include: VN netCDF product generation The current algorithm to match PR and ground radar (GR) reflectivity data is based on calculating PR and GR averages at the geometric intersection of the PR rays with the individual GR radar elevation sweeps. By convention, the intersection points processed in the match-up are restricted to those where the intersection of the PR ray with the earth -1-l surface is within a 100 km radius of the GR site ( Figure 1 ). Beyond 100 km, radar systems such as WSR-88D (1 ° beam width) will have a vertical resolution> I km, which is considered too coarse for meaningful comparisons with the PR data.
The alon· g-ray PR data are averaged only in -the vertical, between the top and bottom height of each GR elevation sweep it intersects ( Figure 2 ). The GR data are averaged only in the horizontal within the individual elevation sweep surfaces, over an approximately circular area centered on each intersecting PR ray's parallax-adjusted profile (Figure 3 ). Reflectivity is converted from dBZ to Z before averaging, then the average Z is converted back to dBZ. This technique thus averages the minimum number of PR and GR full-resolution space and ground radar bins needed to produce spatiallycoincident sample volumes. The output of this technique is a set of vertical profiles for a given rainfall event, with coincident PR and GR samples located at essentially random heights along each individual profile. The vertical locations of the samples are not fixed because the technique selects the minimum volume for each coincident sample; there is no resampling to ·a regular grid. The advantages of the current technique over gridded approaches are that there is no interpolation, extrapolation, or oversampling of data, so matching volumes only exist at locations where both the PR and GR instruments have taken actual observations. Other than for the averaging required to produce the matching volumes, the data are not smoothed; and each sample volume carries a set of attributes that describe the precise spatial, temporal, and quality characteristics of the sample.
The VN software assigns the start time of each elevation sweep of the volume scan as the observation time for each sample of ground radar data within the sweep. For PR data, the time associated with each sample is the time of the PR's nearest approach to the ground radar, and is provided in a site coincidence table produced by the PPS. The orbital period of the TRMM spacecraft is 92.5 minutes, which yields a ground speed of about 7.22 km/sec. At that rate, the spacecraft ground track traverses a nominal ground radar radius of 200 km in only 28 seconds. This period is akin to a "snapshot" in comparison to either the time period required for the ground radar to complete its full volume scan, or the random time offset between the GR volume scan begin time and the PR overpass. The time difference between PR and GR samples is one of the potential sources of error in the match-up of meteorological even!s observed b~ these two datasets.
In summary, the PR data resolution is reduc.ed in the vertical to the resolution of the GR, which varies with range from the ground radar, and varies in vertical coverage by the number of elevation sweeps of the ground radar. The GR data resolution is simply reduced and remapped in the horizontal to the PR's horizo~tal resolution and (ray,scan) coordinate system.
The input GR product consists of quality-controlled reflectivity data in either Universal Format (UF) data files (Barnes, 1980) , a TRMM GV IC-51 HDF file, or a legacy-format WSR-88D Level-II Archive data file (i.e., pre-super-resolution), each of which contains data for a single, complete volume scan.
VN output products are in the form of binary netCDF files containing the volume--8-matched PR and GR data. Each VN netCDF data file corresponds to a single site overpass event, and contains all the match-up data for the significant rain event. The basic structure of the VN netCDF match-up files is the_ same for 3:11 events. However, the dimensions of the data contained in the files vary, depending on the number of PR footprints that fall within a 100 km radius of the overpassed GR site for a given overpass event, and the number of unique elevation sweeps contained in the GR volume scan. In addition, the vertical and horizontal locations of the data points are unique for each event, and for each point within the event.
Horizontal and vertical positions of each data point in the geometry matching data set vary for each site overpass event as a function of the TRMM orbital track's variability and the ground radar's scan strategy (volume coverage pattern). Thus, each geometrically coincident PR and GR reflectivity data point in a given event has a unique set of associated horizontal and vertical position variable values. All latitude and longitude values are parallax-corrected for PR viewing angle and sample height. Multi-level variables in the data set (e.g., rain rate; number of 2A-25 points expected or rejected, see below) also have associated variables specifying the x-and y-corners of the PR footprint (in km, defined relative to a Cartesian coordinate system centered at the location of the ground radar, with the +y axis pointing due north), and the top and bottom height of the ground radar elevation sweep at the PR ray intersection point, in km above the surface. The PR footprint "corners" are defined as the midpoint between the footprint center point and the centers of the four diagonally-adjacent PR footprints, and are used only for graphical plotting of the match-up data, such as on Plan Position Indicator (PPI) image displays ( e.g., Fig. 6 ).
One set of output match-up variables is concerned with the reflectivity and rain rate characteristics of the geometrically-coincident, full-resolution PR and GR radar range gates included in their respective volume averages. These "expected/rejected" variables provide a metric that can be used to assess the "goodness" of the match-up between the radars. For a given PR ray and GR sweep, several ground radar (GR) range gates and rays will typically intersect several PR range gates, as illustrated in · vertical cross section in Figure 3 . The geometry matching algorithm computes separate PR and GR volume-average values for all such intersecting PR and GR range gates, with the limitation that only those gates at or above specified reflectivity or rain rate thresholds are included in the PR and GR gate averages. This reflectivity threshold, while selectable, is typically set at 18 d.BZ for PR (the minimum sensitivity level of the TRMM PR) and 15 dBZ for ground radars. Individual PR or GR samples falling below this threshold are "rejected," i.e., not included in the match-up volume averages. When generating volume average reflectivity and rain rate values for each match-up volume, the VN algoritlun calculates: (a) the number of PR and GR gates expected to be included in the averages from a strictly geometric standpoint, and (b) the number of these PR and GR gates falling below the applicable measurement threshold and rejected from incl. usion in the averages. These metrics are stored in variables in the match-up netCDF file. In statistical analyses of the data, effects of non-uniform beam filling and biases related to the detection threshold of the PR may be minimized by limiting the data points to those where the number of rejected gates is zero for both the GR and PR volume averages. See Figure 6 for an example of the effect of limiting the match-up data based on the percent of rejected points in the sample averages.
-9-The GPM Validation Network Data Product User's Guide (NASA, 2009 ) provides detailed descriptions of the VN netCDF match-up data file format and content, including a more detailed description of the gates expected/rejected variables. Copies of the user's guide are available on-line from the GPM Ground Validation website: http://gpm.gsfc.nasagov/groundvalidation.html.
VN Software and Operations Requriements
The VN software system exists as a set of Linux shell scripts, PostgreSQL database utilities, SQL commands, and a body of code written in Interactive Data Language (IDL; www.ittvis.com). PR subset product and coincidence table data acquisition from the PPS, and cataloging, preprocessing, metadata extraction and storage for these products are automated within the VN software. GR data receipt and cataloging are automated for the WSR-88D sites, internal to the VN system, while WSR-88D data acquisition, quality control, and transmission to the VN system is a mix of automated and manual procedures, and is externally handled for the VN by the TRMM Ground Validation Office at NASA/GSFC. Due primarily to security constraints, GR data acquisition and processing for other GR sites are currently performed manually on an ad-hoc basis as data are made available by the provider, and use supporting scripts written for this purpose. Generation of the VN PR-GR match-up products is also performed on an ad-hoc basis, though it may be readily automated to meet timeliness requirements for the data in the GPM era . . .
..
The driving system requirements for the ability to run the VN software are a licensed copy of ID with a Linux or UNIX operating system or underpinnings (e.g., UNIX and Xl 1 under Mac OS X The VN data processing system and database are designed with the flexibility to add additional data products, ground radar sites, and metadata parameters. Any ground radar sites within the TRMM PR area of coverage may be supported within the current system as long as the reflectivity data are available in Universal Format or the WSR-88D Archive Level II format.
Analysis of VN Data
One of the key applications for VN data is in the validation of space-based measurements. VN data were therefore selected to compute the bias between the TRMM Precipitation Radar (PR) ·and the NOAA WSR-880 Ground Radars (see Table 1 for a list of ground radars). In this analysis 2363 overpass events with significant rainfall were evaluated. The data were collected during the period from August 8, 2006 through March 22, 2009 . All results to follow use the attenuation-corrected PR reflectivity from the TRMM 2A-25 product. In performing the analysis described below, the data were first stratified into convective and stratifonn cases, based on the Rain Type flag derived from the TRMM 2A-23 product. For stratiform cases, the data were further restricted to samples where:
• The bright band exists for a given PR profile (as defined by the BBheight parameter, derived from the PR 2A-25 product) • The PR reflectivity factor exceeded 18 dBZ, which is the instrument's minimum usable sensitivity • The match-up of GR and PR samples have no "rejected" bins in their volume averages (see description of expected/rejected observations in Section 4) • The fraction of rain-producing PR profiles within a given rain event was >80% stratiform.
A similar set of criteria were applied to the convective cases, with the exception that the bright band rule was not applied, and rain events were excluded if the portion of rainproducing PR profiles in the event was less than 30% convective. The data were further stratified into separate classes of samples from above and below the melting layer (bright band). Samples with bottom heights greater than 0.5 km and top heights 2 km or more below the average bright band height were assigned to the "below bright band ' class. Samples with bottom heights 2 km or more above the average bright band height were assigned to the "above bright band" class. Each included point is given equal weight in the bias computations.
In all cases, the radar frequency corrections defined by Liao and Meneghini (2009) were applied to the GR data to account for the differences in reflectivity factor that occur when the same rain or snow targets are observed by S-and Ku-band radars. The snow correction was applied to data above the bright band, and the rain correction was applied to the data samples below the bright band. In all, 1,850,228 volume-matched samples were available. Given the restrictions described above, many fewer samples were actually included in the analysis. The sample sizes for each data subclass are identified in Table 2 .
The stratiform points above the bright band are the echo areas where the best agreement is expected between the PR and the GR radar, where PR attenuation is minimal, and where convective reflectivity gradients and bright band effects are not a factor. In our study, the assumptions are that the PR is stable and well-calibrated, and the mean differences between the PR and GR for the stratiform/above bright band case are primarily due to GR calibration offsets. As illustrated in Figure 4 , the PR average reflectivity is remarkably consistent with the corrected GR reflectivity factor, especially in the stratiform cases. In this figure, the average PR minus corrected GR radar reflectivity factor is plotted against the m~imum PR reflectivity factor in the profile from which the sample was collected. There are two horizontal lines drawn in each plot in this figure, one illustrating zero bias and a second that illustrates the mean value of PR-GR (frequency corrected, in the above and below bright band cases) for the ensemble of samples plotted in each graph. Table 2 summarizes the bias calculations for the convective and stratiform cases above and below the bright band. The magnitude of absolute difference in average PR and GR reflectivity is relatively small: less than ±1.5 dBZ in each individual case, and equal to -0.2 dBZ when averaged over all cases. Table 3 presents the PR-GR bias for individual ground radars, for both the frequencycorrected GR reflectivity and the original S-band GR reflectivity. This dataset is slightly less restrictive than in Table 2 , and contains all samples categorized as stratiform rain type, with bottoms 500 m or more above the bright band, and where the percentage of PR and GR bins rejected as "below threshold" in the sample averages is below five percent. Events where fewer than 5 points meet the criteria are excluded from the results ..
The frequency-corrected biases for most radar sites in Table 3 are Another potentially useful application of the VN data is to track the absolute calibration of ground radars ove· r time. Figure 5 shows a time series of mean PR-GR reflectivity differences for each WSR-88D site in the VN, and for the University of Alabama, Huntsville, ARMOR dual-polarimetric C-band radar (labeled RMOR) from July 2006 through March 2009. Figure 5 uses the same criteria as in Table 3 (stratiform rain, above bright band, having five percent or fewer bins below threshold in sample averages), with the additional constraint that, to reduce noise, at least 25 sample points must meet the criteria for the event to be included in the plot. A simple average of the event-by-event biases plotted in Fig. 5 cannot be directly compared to the accumulated mean biases in Table 3 , as Table 3 takes the number of samples in each event into account in the mean difference computations, and the number of qualifying samples per event can vary by over an order of magnitude.
While KGRK. shows a negative GR bias with respect to the PR over the full dataset as seen in Table 3 , Figure 5 shows that the events with the consistently negative biases occur prior to mid-2007, and KGRK had improved to near-zero mean bias after mid-2007. KGRK and RMOR are the only sites that show a clear trend in the GR calibration. It is known that the calibration of the ARMOR data provided to the VN was improved between the early events and the later dates (W. Petersen, personal communication).
Several sites (KAMX, KBYX, KCRP, KMLB) show consistent, small biases with respect to the PR, indicating a stable calibration of the WSR-88D. These sites also generally have fewer rainy events meeting the criteria for inclusion, which may help reduce the variability. It is our intent to obtain the calibration adjustment records for the WSR-88D sites in the VN to compare to the observed reflectivity biases.
Visualization Tools for Case Studies
A suite of visualization tools has been developed for viewing and analyzing the VN geometry match-up data sets for individual site overpass events. The two primary tools are the statistical analysis tool and the vertical cross section tool. Noting that the match-up data are organized in the vertical by the elevation sweeps of the ground radar, with the horizontal sampling defined by the (ray.scan) coordinates of the TRMM PR, the data lend themselves to rendering as traditional Plan Position Indicator (PPI) images. As with traditional PPI images from a scanning ground radar, the height above ground and the vertical depth of the match-up samples plotted in the PPI display increase with distance from the ground radar. where the plotted match-up samples have been restricted to those where, for both the PR and GR, fewer than 5% of the gates averaged to produce the sample were rejected as being below fixed thresholds (18 dBZ for PR, 15 dBZ for GR) defined in the match-up algorithm. In this case of widespread predominantly stratiform precipitation the effect of the threshold restriction is minimal. Figure 6 is an example of the interactive PPI image display as output by the vertical cross section tool. As in the preceding section, all example displays and statistics below are based on attenuation-corrected PR data from the TRMM 2A-25 product.
'
The statistical analysis tool also displays user-selected PPis as shown in Fig. 6 , in the form of an animation loop progressing from low to high elevation sweeps. The statistical analysis tool stratifies the event data into vertical layers in two manners: (1) by height above the surface, in 1.5-km-deep layers, for 15 levels centered from 1.5 to 19.5 km, and (2) into three layers defined by proximity to the bright band (freezing level): above, within, and below the bright band. For purposes of the latter, match-up samples are categorized·as above (below) the bright band if their base (top) is 500 m or more above (750 m or more below) the mean bright band height. The remaining points are assigned as within the bright band. The mean bright band height is computed from the bright band analysis .in the TRMM PR 2A-25 product. When the area of stratiform rainfall is not deep and widespread, this analysis can be an overestimate of the observed bright band height in the PR reflectivity in particular for the southernmost radars in the southeastern U.S. Thus, for purposes of the statistical analysis of the match-up data the bright band area of influence is extended further below the mean bright band height than above to reduce the possibility of including bright band affected data samples in the below-bright-, I band category.
The statistical analysis tool uses the vertically-stratified data to produce a number of tabular and graphical displays. The upper left panel in Fig. 7 shows vertical profiles of PR (thick lines) and GR (narrow lines) reflectivity from match-up data averaged over the constant height levels. The remaining 3 panels in Fig. 7 display histograms of PR and GR reflectivity accumulated in 2 dBZ bins for match-up data stratified by proximity to the bright band: below (upper right panel), within (lower left), and above (lower right). Table 4 presents PR-GR mean difference statistics output by the statistical analysis tool for data at the constant height levels broken out by rain type. The tool produces the same statistics broken out by proximity to the bright band. Separate profile and histogram plots are produced for sample points identified as stratiform (solid lines) and convective (dotted lines) rain type, as well as for all points without regard to rain type (not shown). Both the vertical profile and histograms show good agreement between the PR and GR reflectivities for stratiform rain samples above and below the bright band in the mean.
PR-GR reflectivity bias, computed as the mean difference for matching points, was -0.85 dBZ for the stratiform, below bright band case, and -0.43 dBZ for the stratiform points above the bright band, with near-identical reflecti".'ity distributions. The vertical profiles for this stratiform subset of samples exhibits a characteristic frequently seen in the case of a well-formed bright band, in that the GR profile is more affected by the presence of the bright band than the PR profile. Note the jump in GR reflectivity near the bright band level in the stratiform profile in Fig. 7 is much more pronollllced than for the PR. The mean PR-GR reflectivity difference for stratiform rain increases to -1.76 dBZ for points within the bright band.
The scatter diagrams in Fig. 8 show that there can be significant differences between the PR and GR match-up samples on a point-by-point basis, though the data heavily cluster along the 1: 1 line. These differences are due to a combination of factors, including differences in viewing geometry and radar frequencies, errors in vertical (for GR) and horizontal (for PR) geolocation of the data, and errors in the PR attenuation correction.
The too.ls allow the S-to-Ku band frequency adjustment of Liao and Meneghini (2009) to be applied to the GR reflectivity data for points above (snow correction) and below (rain correction) the bright band. These corrections result in degradation of the PR-GR reflectivity bias to -2.02 dBZ for the stratiform, below bright band case, but improve the bias to -0.08 dBZ for the stratifonn points above the bright band, indicating that the attenuation correction for the PR is Wlderperforming for this case.
The vertical cross-section tool generates cross sections of the PR and GR reflectivity match-up data and PR-GR reflectivity difference along a selected PR scan line (perpendicular to the TRMM orbit track). Figure 9 shows vertical cross sections of PR reflectivity and PR-GR reflectivity difference for match-up data taken along the PR scan line indicated by the A-Bline shown in. Fig. 6 , under the same data constraints as Figs. 6-8, but with the S-to-Ku band frequency adjustment applied to the GR reflectivity. The cross section passes through a convective core with match-up sample reflectivities up to 49 dBZ for the PR and 54 dBZ for the GR. The difference cross section shows that the per-sample PR reflectivity is generally within 1-2 dBZ of the GR above the bright band level, with the GR reflectivity exceeding the PR within and· below the bright band, especially within the convective core.
The vertical cross section tool in IDL is interactive, and i~s primary user interface is the PR/GR PPI image pair display as shown in Fig. 6 . Clicking the mouse on a point within the PPI image launches a new set of PR, GR, and PR-GR reflectivity cross sections along the PR scan line through the selected point. If the original 2A-25 TRMM PR product files are available, cross sections ·of full-vertical-resolution (250 m) PR data can also be displayed for comparison to the vertically-averaged PR match-up data. Clicking on the labeled white boxes in the upper right comer of the GR PPI allows the user to toggle the S-to-Ku band adjustment on and off, and increment and decrement the GR reflectivity in I dBZ steps to eliminate a known GR calibration offset from the cross section displays.
To investigate the quality of the PR and QR geometric alignment, the user can also clic~ in the lower left white box to launch a PPI animation sequence of PR and GR match-up data, and if the data files are available, full-resolution GR PPis created from the original GR data volume.
Summary and conclusions
As described above, the Validation Network is an integral part of the Ground Validation System for NASA's Global Precipitation Mission (GPM). In the GPM pre-launch era, the VN supports precipitation retrieval algorithm development. Post-launch, the VN will be used to validate GPM spacecraft instrument measurements and retrieved precipitation data products. '
Several examples are provided above that demonstrate how the VN dataset can be used to compare ground to space-based radar reflectivity for validation purposes. Examples include comparisons in individual storms, in a time series of storms over individual ground radars, and in a multi-year aggregate of storms over the entire southeast U.S.
Analysis of individual storms illustrates several of the key features of the VN. Chief among these is the "match-up" method that permits direct comparison of. volume-averaged ground-and space-based radar data. The VN algorithm averages the minimum number of full-resolution space and ground radar bins needed to produce spatially-coincident sample volumes. Space-based radar data are averaged only along each vertical ray, between the top and bottom height of each ground radar elevation sweep that it intersects (Figure 2) . Ground radar data are averaged only in the horizontal within the individual elevation sweeps that intersect the space radar rays' parallaxadjusted profiles (Figure 3) . The result of this technique is a set of vertical profiles for a given rainfall event, at the PR horizontal resolution and location and the GR vertical resolution and location, with coincident space and ground radar samples located at ·--·-·~· a ) essentially random heights along each individual profile (Figure 9 ). There is no data interpolation, extrapolation, or resampling to a regular grid.
The analysis of individual storms also illustrates the standard VN products generated for each rain event. These include PPI images, vertical profiles, histograms, scatter diagrams, and mean difference statistics for PR and GR reflectivity, as shown in Figs. 6-8 and Table   4 . It should be noted that data points included in the standard match-up that generated these figures (and the other analysis described here) are limited to those that fall within a I 00 km radius centered on the ground radar. Beyond I 00 km, radar systems with a I 0 beam width (such as WSR-88D) will have a vertical resolution> I km, which is considered too coarse for meaningful comparisons with the space-based radar data such as those available from TRMM and GPM.
Examples provided above also illustrate the utility of the VN dataset as a means for assessing the long-term calibration of ground radars. The period of record for the VN prototype begins on August 8, 2006 and runs to the present for the 21 ground radar sites located in the southeast U.S. (Figure i) . Table 3 and Figure 5 show that for this period of record the frequency-corrected bias between the TRMM Precipitation Radar (PR) and WSR-88D ground radars (GR) is less than 1 dBZ in most cases, with several notable exceptions. For example, it was found that several adjacent WSR-88D sites near or along the Gulf coast between Louisiana and Florida exhibit a Precipitation Radar (PR) minus Ground Radar (GR) reflectivity factor bias of-1 dBZ or lower, indicating a high calibration offset for these WSR-88D ground radars. This set of Gulf coast radars (KEVX and K¥0B excepted) appears to ~e well calibrated to one ~other, but r:un "hot" compared to the other WSR-88D sites in the VN subset. _ It is beyond the scope of this investigation to determine whether these results represent actual calibration offsets, or to what qegree the Gulf coast meteorological regime contributes to the observed offsets.
An assessment was also made of the overall PR-to-GR bias for all 21 southeast U.S. ground stations, drawing on the more than l .8x I 0 6 individual PR-to-GR match-up samples in this period of record. As illustrated-in Figure 4 and Table 2 , the PR average reflectivity is remarkably consistent with the :frequency-corrected GR reflectivity factor, especially in the stratiform cases. The magnitude of absolute difference in average PR minus GR reflectivity is relatively small for stratiform rain: equal to -0.2 dBZ when averaged over all above-and below-bright-band cases.
-·
Several steps have been taken to make the VN dataset as accessible as possible for GPM algorithm development and for data product validation. Summary data products are available for each precipitation event. Ground radar data can be ingested into the VN if it is in the relatively commonly used Universal Format (UF) or in WSR-88D data format. The VN data itself are formatted as netCD F, a portable, self-describing data format that is commonly used in the atmospheric sciences. A data user's guide is available that details the VN data file naming conventions, format, and contents (http://gpm.gsfc.nasa.gov/ground_library.html). Space-and ground-radar match-up data are available for each significant rain event, and raw data for each overpass event are available by request from the authors. A VN data visualization tool is available that renders the match-up data in vertical "plan position indicator" slices through the data, where each slice can be located in an arbitrary horizontal orientation. Histogram bin width for accumulations is 2 dBZ. Points are limited to where at least 95% of the gates averaged to produce the PR and GR match-up samples are above fixed thresholds (see Fig. 6 and text). Dashed horizontal line in the vertical profile indicates the mean bright band height as analyzed in the TRMM PR 2A-25 product. Table 2 . Mean, µ, and standard deviation, cr, of Precipitation Radar (PR) instrument bias compared to WSR-88D Ground Radar (GR) measurements for samples from above, within, and below the melting layer (bright band, BB). The bias was calculated as PR minus GR reflectivity factor for match-up samples. Bias estimates are based on the use of GR data corrected as described in the text; results using uncorrected GR data are in parentheses. The sample size, n, is identified for each case. · Table 3 . Mean Precipitation Radar (PR) instrument bias compared to WSR-88D Ground Radar (GR) measurements for samples fro"m above the melting layer, by GR site. The bias was calculated as PR minus GR reflectivity factor for match-up samples. Bias estimates are shown for both frequency-corrected GR data (GRKu) and uncorrected GR data. The sample size is identified for each site. Figure 4 . Scatter plot of PR minus GR radar reflectivity factor for all samples measured over the NOAA WSR-88D radars (see Figure 1 ), over the entire VN period of record. Convective and stratiform cases above, within and below the melting layer (bright band) are illustrated. The zero-bias line is plotted as well as the average PR-GR radar reflectivity factor for each case. Figure 6 . Stratifonn (convective) rain type is plotted as solid ( dotted) lines. · Separate histograms are plotted for sample points below (upper right), within (lower left) and above (upper right) the bright band. Vertical scale varies in the histograms. PR-GR mean differences (bias, in dBZ) and sample sizes, by rain type, are indicated for the data in each histogram. Histogram bin width for accumulations is 2 dBZ. Points are limited to where at least 95% of the gates averaged to produce the PR and GR match-up samples are above fixed thresholds (see Fig. 6 and text). Dashed horizontal line in the vertical profile indicates the mean bright band height as analyzed in the TRMM PR 2A-25 product. Table 4 . Vertical profile of PR-GR mean reflectivity difference (bias) and maximum PR and GR sample reflectivity for the case shown in Figs.6 and 7 . The asterisk at 4.5 km indicates the level under the influence of the bright band.
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